Stimuli-responsive surfaces that are capable of modulating their biological properties in response to an external stimuli, including temperature,^[@cit1],[@cit2]^ light,^[@cit3]^ magnetic field^[@cit4]^ and electrical potential,^[@cit5]--[@cit9]^ are of growing interest for a variety of biological and medical applications.^[@cit10],[@cit11]^ Switchable surfaces that can be controlled on-demand are playing an increasingly important part in the development of highly sensitive biosensors,^[@cit12]--[@cit15]^ novel drug delivery systems^[@cit16]--[@cit18]^ and functional microfluidic, bioanalysis, and bioseparation systems.^[@cit19]--[@cit22]^ Additionally, dynamic, synthetic surfaces that can control the presentation of regulatory signals to a cell are expected to have a significant impact in the field of tissue engineering and regenerative medicine, and to provide unprecedented opportunities in fundamental studies of cell biology.^[@cit23],[@cit24]^ The availability of sophisticated and functional switchable surfaces is expected to emulate more complex *in vivo* like extracellular environments, and provide a powerful means to probe and control the dynamic interactions between the cell and its external environments.

The majority of studies on stimuli-responsive surfaces reported to date either rely^[@cit25]--[@cit29]^ on controlling non-specific interactions (*i.e.*, hydrophobic/hydrophilic and electrostatic) of the biomolecules with the active surface, or have focused^[@cit30]--[@cit32]^ on demonstrating modulation of specific biomolecular interactions using relatively simple biological systems (*e.g.* biotin--streptavidin) and conditions (*i.e.* water or buffer solutions). For example, Zareie *et al.* ^[@cit30]^ fabricated a mixed self-assembled monolayer (SAM) on gold comprising oligo(ethylene glycol) (OEG) thiol molecules and shorter disulfides carrying biotin end-groups that regulated the interaction between biotin and streptavidin in water. The OEG thiols were able to switch in response to a change in temperature below and above their lower critical solution temperature (LCST = 37 °C). At 23 °C the structure of the OEG molecules was fully extended hindering the shorter biotin disulfide components. On the contrary, at 45 °C the OEG backbone collapsed, thus allowing the specific interaction between the biotin molecule on the surface and the protein streptavidin in solution. In our previous work,^[@cit7]--[@cit9]^ electrically controlled switching has been applied to regulate the conformational changes of modified positively charged oligolysine peptides tethered to a gold surface, such that biotin moieties incorporated into the oligolysines could be reversibly exposed or concealed on demand, as a function of surface potential. Switchable SAMs used to control biomolecular interactions *via* an electrical stimulus are particularly appealing because of their fast response times, ease of creating multiple individually addressable switchable regions on the same surface, as well as low-drive voltage and electric fields, which are compatible with biological systems.^[@cit33]^ Our previous reported electrically switchable surface was able to control directly the biomolecular interactions between biotin and neutravidin in phosphate buffer saline (PBS) solution.

However, switchable surfaces have been scarcely used, thus far, to control biomolecular interactions on more complex systems such as those involving modulation of cell responsiveness.^[@cit34]--[@cit37]^ Jonkheijm and co-workers^[@cit35]^ have reported a cucurbit\[8\]uril-based SAM system to electrochemically control the release of cells. Charged end groups on SAM surfaces have been exploited to electrically control the early stages of bacterial cell adhesion^[@cit37]^ and form patterned surfaces with two independent dynamic functions for inducing cell migration.^[@cit36]^ In spite of these efforts, given cellular complexity and diversity, such studies are very limited in number, as are the opportunities to further understand and control the complex interplay of events and interactions occurring within living cells.

Herein, we report on a stimuli-responsive surface that relies on electrically-induced conformational changes within surface-grafted arginine--glycine--aspartate (RGD) oligopeptides as the means of modulating cell adhesion. RGD, which is present in most of the adhesive ECM proteins (*e.g.* fibronectin, vitronectin, laminin and collagen), is specific for integrin-mediated cell adhesion.^[@cit38]^ The RGD modified electrode is used here to dynamically regulate the adhesion of immune macrophage cells. The stimuli-responsive surface is fabricated on a gold surface and comprises a mixed SAM consisting of two components ([Fig. 1](#fig1){ref-type="fig"}): (i) an oligopeptide containing a terminal cysteine for attachment to the gold surface, three lysine residues as the main switching unit, and a glycine--arginine--glycine--aspartate--serine (GRGDS) as the recognition motif for cell adhesion -- **C3K-GRGDS**, and (ii) an ethylene glycol-terminated thiol (**C11TEG**) to space out the oligopeptides. Since the charged backbone of the oligopeptide can be potentially harnessed^[@cit7]--[@cit9]^ to induce its folding on the surface upon an application of an electrical potential, we reasoned that such conformational changes can be employed to selectively expose under open circuit (OC) conditions (bio-active state) or conceal under negative potential (bio-inactive state) the RGD to the cell and dynamically regulate cell adhesion.

![Schematic of the dynamic RDG oligopeptide SAM utilised for controlling specific cellular interactions. The electrically switchable SAM exposes the RGD peptide and supports cell adhesion under open circuit (OC) conditions (no applied potential), while under an applied negative potential the RGD is concealed, inhibiting cell adhesion. Below: chemical structures of the oligopeptides (**C3K-GRGDS**) and oligo(ethylene glycol) thiols (**C11TEG**) used for SAM preparation.](c4cc06649a-f1){#fig1}

Mixed SAMs of **C3K-GRGDS** : **C11TEG** were formed from a solution ratio of 1 : 40 and characterised by X-ray photoelectron spectroscopy (XPS) (Fig. S2, ESI[†](#fn1){ref-type="fn"}). XPS analysis confirmed the formation of the **C3K-GRGDS:C11TEG** mixed monolayer and displayed signals from S, N, C and O. The chemical state of the sulphur atom was probed using the XPS spectra of the S 2p emission (Fig. S2, ESI[†](#fn1){ref-type="fn"}). The S 2p spectrum (Fig. S2a, ESI[†](#fn1){ref-type="fn"}) consists of two doublet peaks, with one doublet peak at 162.0 eV (S 2p~3/2~) and 163.2 eV (S 2p~1/2~), indicating that the sulphur is chemisorbed on the gold surface.^[@cit39]^ A second small doublet peak can be observed at 163.8 eV and 165.0 eV, which can be attributed to the S--H bond, indicating a small presence of unbound sulphur. No sulphur peaks above 166 eV were observed, indicating that no oxidised sulphur is present at the surface. The N 1s spectrum (Fig. S2b, ESI[†](#fn1){ref-type="fn"}) can be de-convoluted into two peaks, which support the presence of the peptide on the surface. The first peak centred at 400.5 eV is attributed to amino (NH~2~) and amide (CONH) moieties. The second peak centred at 402.8 eV is ascribed to protonated amino groups.^[@cit40]^ Note that no nitrogen peak was observed for pure **C11TEG** SAMs. The C 1s spectrum (Fig. S2c, ESI[†](#fn1){ref-type="fn"}) can be de-convoluted into three peaks, which are attributed to five different binding environments. The peak at 285.0 eV is attributed to C--C bonds,^[@cit41]^ while the peak at 286.7 eV corresponds to C 1s of the three binding environments of C--S, C--N and C--O.^[@cit41]^ The third and smaller peak (288.6 eV) is assigned to the C 1s photoelectron of the carbonyl moiety, C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000O.^[@cit41]^ The O 1s spectrum (Fig. S2d, ESI[†](#fn1){ref-type="fn"}) is de-convoluted into two different peaks, corresponding to two different binding environments, arising from the C--O (533.3 eV) and CO (532.0 eV) bonds.^[@cit41]^ From integrating the area of the S 2 p and N 1s peaks and taking into consideration that the **C3K-GRGDS** oligopeptide consists of 15 N atoms and 1 S atom and **C11TEG** has no N and 1 S atom only, it was possible to infer that the ratio of **C3K-GRGDS:C11TEG** on the surface is 1 : 10 ± 2. The presence of **C11TEG** was utilised not only to ensure sufficient spatial freedom for molecular reorientation of the surface bound oligopeptide, but also to stop non-specific binding to the surface.

The **C3K-GRGDS:C11TEG** mixed SAMs were shown to support adhesion of immune macrophage cells as determined by cell counting^[@cit42],[@cit43]^ ([Fig. 2](#fig2){ref-type="fig"}). When RAW 264.7 mouse macrophages were cultured on the **C3K-GRGDS:C11TEG** mixed SAM in supplemented Dulbecco\'s Modified Eagle Medium (DMEM), the number of cells adhered to the surface increased with incubation time, reaching 1792 ± 157 cells per mm^2^ after 24 hours. This is in contrast with the weak cell adhesion observed in two control surfaces, pure **C11TEG** SAMs and clean gold, in which the number of cells that adhere was 60% and 50% lower, respectively, after 24 hours ([Fig. 2](#fig2){ref-type="fig"}).

![Microscopic images and density of adhered cells on **C3K-GRGDS:C11TEG** mixed SAM, pure **C11TEG** SAM and bare gold surfaces that were normalized against the density of cells adherent onto the **C3K-GRGDS:C11TEG** mixed SAM. The surfaces were cultured in RAW 264.7 mouse macrophage cells under OC conditions for 24 hours.](c4cc06649a-f2){#fig2}

In order to demonstrate that the **C3K-GRGDS:C11TEG** mixed SAMs can support or resist cell adhesion on demand, the macrophage cells were cultured on the **C3K-GRGDS:C11TEG** mixed SAM in DMEM medium under OC conditions and applied negative potential (--0.4 V) for a period of 1 h. Note that DMEM contains a mixture of inorganic salts, amino acids, glucose and vitamins. On application of the applied potential of --0.4 V the number of adherent cells was 70% less compared to the **C3K-GRGDS:C11TEG** mixed SAMs under OC conditions, [Fig. 3](#fig3){ref-type="fig"}. Similar switching efficiencies have been observed in another oligopeptide system using different DMEM solutions.^[@cit44]^ These findings suggest that the negative potential induces the conformational changes in the **C3K** moiety of **C3K-GRGDS** in the SAM which in turn leads to the **RGD** moiety being concealed and hence reducing the binding of the cells.

![Density of adhered cells on **C3K-GRGDS:C11TEG**, **C11TEG**, **C6EG-GRGDS:C11TEG** mixed SAMs that were normalized against the density of cells adherent onto the **C3K-GRGDS:C11TEG** mixed SAM. The surfaces were cultured in RAW 264.7 for 1 h under OC conditions or while applying --0.4 V.](c4cc06649a-f3){#fig3}

Previous studies have shown that small conformational and orientational changes in proteins and peptides modulate the availability and potency of the active sites for cell surface receptors.^[@cit45]--[@cit47]^ Thus, in a similar manner, small changes in the conformation/orientation of the **RGD** peptide on the surface induced by application of an electrical potential are able to affect the binding activity of the peptide. Recently, we have conducted detailed theoretical^[@cit8]^ and experimental^[@cit9]^ studies aimed at understanding the switching mechanism of oligopeptide-based switchable surfaces, that similarly as in the case of the **C3K-GRGDS:C11TEG** mixed SAMs, use lysine residues to act as the switching unit. These previous studies unraveled that the surface-appended oligolysines undergo conformational changes between fully extended, partially extended and collapsed conformer structures in response to an applied positive potential, open circuit conditions and negative electrical potential, respectively. Thus, these previous findings allow us to propose that when a negative potential is applied to the **GRGDS:C11TEG** mixed SAM surface, the oligopeptide chain adopts a collapsed conformation on the surface and the **RGD** binding motif is partially embedded on the **C11TEG** matrix, thus showing no bioactivity ("OFF" state).

In order to verify that the changes in adhesion upon application of a negative surface potential occur due to changes in the conformational orientation of the **RGD** instead of cell repulsion or cell damage due to the presence of an electrical potential, control mixed SAMs were also prepared using **C11TEG** and a peptide where the 3 lysine residues as the switching unit were replaced by 6 non-switchable ethylene glycol units -- **C6EG-GRGDS** (Fig. S1, ESI[†](#fn1){ref-type="fn"}). [Fig. 3](#fig3){ref-type="fig"} demonstrates that cells adhered in similar numbers to the **C11TEG** and **C6EG-GRGDS:C11TEG** mixed SAMs under OC conditions and an applied negative potential. These results provide strong evidence that control over cell adhesion using the **C3K-GRGDS:C11TEG** mixed SAM is due to a conformational behaviour of the lysine-containing oligopeptide that can either expose or conceal the RGD moiety.

Cell viability was checked following application of --0.4 V for 1 h by performing a trypan blue assay. Cells that were dead were stained blue due to a break down in membrane integrity. Incubation of the cells under a negative potential had negligible effect on cell viability, which was greater than 98%. Cyclic voltammetric studies (outlined in detail in the Fig. S3, ESI[†](#fn1){ref-type="fn"}) were also performed to demonstrate that no significant faradaic process occur over the potential range studied, and thus ions are not participating in redox reactions and consequently redox chemistry is not being significantly affected by application of the potential used. In agreement with other studies,^[@cit35],[@cit36],[@cit48]^ we conclude that the electrical modulation of the surface neither affected cell viability nor induced any redox process in the medium that could have had an effect on cells.

We then addressed the question of whether the **C3K-GRGDS:C11TEG** surfaces could be switched between different cell adhesive states (cell-resistant and cell-adhesive states). To begin with, we investigated the switching from a cell-adhesive state to a cell-resistant state, and the possibility to detach the cells from the substrate upon the application of a negative potential. Cells were incubated in the **C3K-GRGDS:C11TEG** mixed SAMs for 1 h under OC conditions, thereby exposing the **RGD** moiety and allowing for cell attachment. This step was followed by the application of a potential of --0.4 V for 1 h in order to detach the cells from the surface, by concealing the RGD moieties. Cell counts showed no significant differences between the pre and post application of the --0.4 V, suggesting that the electrostatic force generated by the applied negative electrical potential might not be sufficient to disrupt the **RGD**--integrin interaction. These results were to a certain extent expected since adherent cells are able to withstand strong detachment forces due to the adhesion being mediated by multiple **RGD**--integrin bonds in parallel.^[@cit49]^

In contrast, a reversal of the switching sequence demonstrated that our surfaces can be dynamically switched from a non-adhesive to cell-adhesive state. Cells were incubated in the **C3K-GRGDS:C11TEG** mixed SAMs for 1 h while holding the potential at --0.4 V for 1 h making the RGD peptide inaccessible for recognition by the corresponding integrin. As above, the number of adherent cells when a negative potential of --0.4 V was applied was 70% of the number that adhered to the **C3K-GRGDS:C11TEG** mixed SAMs under OC conditions, [Fig. 4](#fig4){ref-type="fig"}. The potential was then shifted to open circuit conditions for 1 h on those exposed to a potential of --0.4 V, which resulted in a significant increase in the number of cells as a result of the exposure of the RGD moiety to the cells ([Fig. 4](#fig4){ref-type="fig"}). These values were similar to those obtained for the samples that were only incubated for 1 hour under OC conditions ([Fig. 4](#fig4){ref-type="fig"}), indicating that the surfaces were highly effective at switching from a non-adhesive to cell-adhesive state.

![Microscopic images and density of adhered cells on **C3K-GRGDS:C11TEG** mixed SAMs that were incubated with cells for 1 h while applying --0.4 V and subsequently in OC conditions for 1 h. The density was normalized against the density of cells adherent onto **C3K-GRGDS:C11TEG** mixed SAMs that were incubated with cells in OC conditions for 1 h.](c4cc06649a-f4){#fig4}

In summary, an electrically switchable surface has been devised and fabricated that is capable of efficiently exposing and concealing the RGD cell adhesion motif and dynamically regulate the adhesion of immune macrophage cells. This study will no doubt be useful in developing more realistic dynamic extracellular matrix models and is certainly applicable in a wide variety of biological and medical applications. For instance, macrophage cell adhesion to surfaces plays a key role in mediating immune response to foreign materials.^[@cit50]^ Thus, development of such dynamic *in vitro* model systems that can control macrophage cell adhesion on demand are likely to provide new opportunities to understand adhesion signalling in macrophages^[@cit51]^ and develop effective approaches for prolonging the life-span of implantable medical devices and other biomaterials.^[@cit52]^
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